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ABSTRACT
A long-standing question in active galactic nucleus (AGN) research is how the corona is
heated up to produce X-ray radiation much stronger than that arising from the viscous heating
within the corona. In this paper, we carry out detailed investigations of magnetic-reconnection
heating to the corona, specifically, studying how the disc and corona are self-consistently
coupled with the magnetic field, and how the emergent spectra depend on the fundamental
parameters of AGN. It is shown that diverse spectral shapes and luminosities over a broad
bandpass from optical to X-ray can be produced from the coupled disc and corona within a
limited range of the black hole mass, accretion rate and magnetic field strength. The relative
strength of X-ray emission with respect to optical/ultraviolet (UV) depends on the strength
of the magnetic field in the disc, which, together with accretion rate, determines the fraction
of accretion energy transported and released in the corona. This refined disc–corona model
is then applied to reproduce the broad-band spectral energy distributions (SEDs) of a sample
of 20 bright local AGNs observed simultaneously in X-ray and optical/UV. We find that,
in general, the overall observed broad-band SEDs can be reasonably reproduced, except for
rather hard X-ray spectral shapes in some objects. The radiation pressure-dominant region,
as previously predicted for the standard accretion disc in AGN, disappears for strong X-ray
sources, revealing that AGN accretion discs are indeed commonly stable as observed. Our
study suggests the disc–corona coupling model involving magnetic fields to be a promising
approach for understanding the broad-band spectra of bright AGNs.
Key words: accretion, accretion discs – magnetic fields – galaxies: active – galaxies: nuclei.
1 INTRODUCTION
It is widely believed that the radiation of the active galactic nu-
clei (AGNs) is powered by the accretion of matter onto a super-
massive black hole. The broad-band spectral energy distributions
(SEDs) in high-luminosity AGNs are usually interpreted as radia-
tion from a geometrically thin, optically thick accretion disc sand-
wiched in a geometrically thick, optically thin corona. Specifically,
the optical/UV spectra, which are often referred to as the ‘big blue
bump’, are contributed by the thermal emissions from the cold disc
(e.g. Shields 1978; Malkan 1983), while the power-law emissions
in hard X-ray band are produced by thermal electrons in the hot
⋆ E-mail: hqcheng@nao.cas.cn
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corona through Comptonization of soft photons from the disc (e.g.
Svensson & Zdziarski 1994; Magdziarz et al. 1998).
Interaction between the cold disc and the hot corona
is essential. Theoretical models elucidating the interactions
have been studied for decades (e.g. Haardt & Maraschi 1991,
1993; Nakamura & Osaki 1993; Svensson & Zdziarski 1994;
Poutanen & Svensson 1996; Dove et al. 1997; Liu et al. 2002a,
2003; Wang et al. 2004; Cao 2009; You et al. 2012, 2016;
Liu, Qiao & Liu 2016; Poutanen et al. 2018). Of these investiga-
tions the radiation coupling between the disc and corona, that is the
Comptonization of disc photons in the corona and the coronal irra-
diation to the disc, has been well considered. Heat conduction and
enthalpy/mass flow between the hot corona and cold disc were also
taken into account in some of the studies (e.g. Meyer et al. 2000b;
Liu et al. 2002b). Detailed studies reveal that the corona is weaker
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at higher accretion rates because efficient Compton cooling leads to
gas condensation to disc, predicting weak X-ray emission at high
states (e.g. Liu et al. 2002b; Meyer-Hofmeister et al. 2012). Even if
the condensation of hot gas is neglected, viscous heating within the
corona is insufficient to produce the observed X-ray luminosity. In
order to account for the strong X-ray radiation in luminous AGNs,
it is often assumed that the energy released by disc accretion is
somehow transported to the corona and radiates in X-rays. Hence,
additional heating mechanism has been explored to keep the corona
sufficiently strong to produce the observed X-ray luminosity.
One of the most promising mechanisms for the coronal heat-
ing is through magnetic field (e.g. Tout & Pringle 1992; Di Matteo
1998; Miller & Stone 2000; Merloni & Fabian 2001; Liu et al.
2002a, 2003; Merloni 2003; Wang et al. 2004; Cao 2009; You et al.
2012). The concept of magnetic-reconnection heating is initiated
from solar flares (e.g. Shibata & Yokoyama 1999). The magnetic
field is generated by the dynamo process in the disc and emerges
into the corona as a result of Parker buoyancy instability. The
stored magnetic energy is then released in the corona via magnetic-
reconnection. In this manner, part of the accretion energy liberated
in the disc is transferred to the corona through magnetic field, heat-
ing up the corona during reconnection and eventually radiated away
in X-rays.
A self-consistent disc–corona model was proposed in the
frame of magnetic-reconnection heating and disc evaporation
(Liu et al. 2002a, 2003). In this model, the corona is assumed to
be heated by the aforementioned magnetic-reconnection, which is
balanced by inverse Compton (IC) scattering. Heat conducted from
the hot corona to the disc surface leads to continuous evapora-
tion, replenishing gas to the corona during its accretion towards
the black hole. Specifically, the fraction of the energy liberated in
the corona, f , is physically determined by the coupling of the disc
and corona involving magnetic fields, which was usually taken as
a free parameter in previous studies. In addition, the disc evapo-
ration provides a natural and reasonable explanation for the mass
supply of the hot corona. Therefore, such a model provides a phys-
ical mechanism for both the formation and heating of the corona.
Numerical calculations show that a significant fraction of accretion
energy can be transported to the corona, making it possible for the
corona to produce strong X-ray emissions as observed (Liu et al.
2003; Qiao & Liu 2015). The model has been further developed
to more general cases, and is expected to be applicable to the va-
riety of observed spectra in AGNs (Liu, Qiao & Liu 2016). Nev-
ertheless, these earlier studies mainly focused on X-ray emission
originating from a small region near the black hole, neglecting the
contribution of outer disc emission to the optical/UV band. Radia-
tion from the entire accretion flow needs to be taken into account
when the overall spectrum is modelled. Also, the self-consistency
of the model needs to be improved to a higher precision. These re-
finements are crucial for the model to be realistically applicable to
modelling observational data, and are one of the motivations of this
work.
On the other hand, we have recently conducted a study of the
broad-band SEDs for a well-selected sample of 23 Seyfert 1 galax-
ies, by making use of their simultaneous optical, UV and X-ray
observations with the Neil Gehrels Swift Observatory (Cheng et al.
2019). The physical properties of the objects in the sample are
found to spread over a broad range, for example the black hole mass
MBH ≈ 10
7–109M⊙ and Eddington ratio λEdd ≡ Lbol/LEdd ≈
0.01–1, which provides a reasonable pre-requisite for the applica-
tion of the disc–corona model.
The motivation of this work is to understand quantitatively
the physical origin of the broad-band SEDs of AGN, in the frame-
work of the magnetic-reconnection-heated corona model (Liu et al.
2002a, 2003; Liu, Qiao & Liu 2016). First, the model is further
improved and refined (see Section 2) to be more realistic and ap-
plicable to compare directly with observations. Then, the model is
applied to reproducing the observed broad-band SED of the afore-
mentioned AGN sample. We find that for the majority of the sam-
ple objects, the observed SEDs can generally be reproduced by the
disc coupled with a strong magnetic reconnection-heated corona,
though for some the X-ray spectra are too flat to be accounted for.
The paper is organized as follows. In Section 2, the magnetic-
reconnection-heated corona model is briefly described and illustra-
tive calculations of the spectrum for typical AGNs are presented.
In Section 3, the spectral modelling of the broad-band SEDs is de-
scribed and main results for individual sources are shown and illus-
trated. The discussion and conclusions are given in Section 4 and
5.
2 MAGNETIC-RECONNECTION-HEATED CORONA
2.1 Model descriptions
A magnetic-reconnection-heated corona model is proposed in
Liu et al. (2002a, 2003) and revisited by Liu, Qiao & Liu (2016).
In this model, it is assumed that a standard geometrically thin and
optically thick disc (Shakura & Sunyaev 1973) extends to the in-
nermost stable circular orbit, sandwiched by a hot geometrically
thick and optically thin, accreting corona. The magnetic field is
assumed to be generated by the dynamo process operating in the
accretion disc. Under the influence of Parker instability, the mag-
netic loops emerge into the corona and reconnect with other loops.
In this manner, some fraction ( f ) of the accretion energy stored
in the magnetic field is transferred into the corona and converted
into thermal energy of the electrons. This energy is eventually ra-
diated through the process of IC scattering. The disc is heated par-
tially by accretion and partially by illumination from the corona. In
the chromospheric layer between the disc and corona, thermal con-
duction heats up gas, leading to the disc gas evaporating into the
corona and supplying for the steady accretion of coronal flow (e.g.
Meyer et al. 2000a,b; Róz˙an´ska & Czerny 2000; Spruit & Deufel
2002). The disc and corona are coupled through the magnetic field,
the gas evaporation and coronal illumination to the disc. The struc-
ture of disc and corona can be self-consistently determined by tak-
ing into account this coupling, from which the emergent spectrum
can be calculated by Monte Carlo simulations.
Note that the magnetic heating to coronal electrons is much
more efficient than heating through Coulomb collisions with ions,
the latter is neglected in our calculation of electron temperature.
The ions in the corona are heated up to a higher temperature by
viscously released energy as they accrete to the black hole, lead-
ing to a two-temperature corona. Such an approximation is justi-
fied by our calculations for bright AGN, and is, in principle, valid
for sources with X-ray emission stronger than that from a pure
advection-dominated accretion flow (ADAF, Narayan & Yi 1994).
The equations determining the structure of the accretion flows
have been list in detail in Liu, Qiao & Liu (2016), which are sum-
marized as follows.
Equations determining the coronal density and electron tem-
perature are,
B2
4π
VA ≈
4kTe
mec2
τcUrad, (1)
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ℓc
≈
γ
γ − 1
nckTe
(
kTe
µmH
)1/2
. (2)
Eq.(1), describes the energy balance in the corona. The magnetic
loops emerge at Alfvén speed VA ≡
√
B2/4πµmHnc, bringing mag-
netic energy flux B
2
4pi
VA into corona and being radiated by IC scat-
tering. Here Te, nc, and τ are the coronal temperature, density, and
modified scattering depth, respectively; Urad is the energy density
of soft photons. Eq.(2) describes the energy balance of conduction-
induced evaporation, where ℓc is the length of magnetic loops in the
corona. Eqs.(1) and (2) determine the coronal density and electron
temperature for given soft photon field and magnetic field, which
are coupled with the thin disc.
Constants in above equations are the Boltzmann constant
k = 1.38 × 10−16erg K−1, the thermal conduction coefficient
k0 = 10
−6 erg cm−1 s−1 K−7/2, the ratio of specific heats γ = 5/3,
the molecular weight for pure hydrogen plasma µ = 0.5, the mass
of hydrogen atom mH, the mass of electron me and the light speed
c. The length of magnetic loops is set to be the vertical scale height
of corona, ℓc ≈ Hc, as the loops emerge from the disc and then
expand in the corona, where Hc ≈ R for an optically thin, two-
temperature hot accretion flow. The scattering depth is modified by
the average optical depth for the isotropic incident photons under-
going upscattering in a sandwich corona geometry and the multiple
scattering of soft photons, τ = λtncσTHc, where λt is larger than 1.
The energy density of soft photons (Urad) and the magnetic
field (B) in Eq.(1) are determined by the coupling between the disc
and corona. The soft photons are contributed by disc accretion and
coronal illumination,
Urad =
2
c
{
3GM ÛM
8πR3
[
1 −
(
3RS
R
)1/2]
−
B2
4π
VA
}
+Ure, (3)
where the first term on the right-hand side of the equation denotes
the density of net energy from accretion gain and magnetic loss;
The second term, Ure, denotes energy density originating from lo-
cal corona illumination. When the hard photons from the corona
have been reprocessed in the disc and emit into the corona, the en-
ergy density of these soft photons is proportional to the energy den-
sity of corona emission, with a coefficient relevant to the fraction
of downward propagation and reflection albedo (∝ 1
2
(1 − a) given
that the IC scattering is isotropic). Since the coronal radiation en-
ergy is eventually from magnetic energy, Ure can be approximated
as Ure = 0.4λu B
2
8pi
, where a = 0.2 is adopted, and λu includes
the deviation from isotropic scattering and the ratio of the speed of
magnetic energy release (at Alfvén speed) and radiation (at light
speed). The value of λu is around unit in order of magnitude, which
is determined from Monte Carlo simulation in our calculations.
The strength of magnetic field is parametrized with a magnetic
equipartition coefficient β0, which is defined as the ratio of the gas
plus radiation pressure to the magnetic pressure (PB =
B2
8pi
),
B2
8π
=
1
β0
(
ρdkTd
µmp
+
1
3
aT4
d
)
, (4)
therefore, the magnetic field can be determined once the disc den-
sity and mid-plane temperature (ρd,Td) are derived from the disc
solutions for given mass of black hole, accretion rate, and viscos-
ity.
It should be noted that a fraction ( f ) of the accretion energy is
taken away from the disc,
f ≡
B2
4pi
VA
3GM ÛM
8piR3
[
1 −
(
3RS
R
)1/2] , (5)
where f is an implicit function of M, ÛM, α, β0 as from Eq.(4). This
leads to corresponding change in the equations of energy conser-
vation and angular momentum conservation for a steady accretion
flow, that is,
3GM ÛM(1 − f )
8πR3
[
1 −
(
3RS
R
)1/2]
=
4σT4
d
3(κes + κff)Hd
, (6)
ÛM(1 − f )Ω
[
1 −
(
3RS
R
)1/2]
= 4πHdαPd, (7)
where the coefficients for the electron scattering and absorption are
κes = 0.4 cm
2 g−1, κff = 6.4 × 1022ρdT
−7/2
d
cm2 g−1; Hd is the
disc thickness, Hd = cs/Ω =
√
Pd/ρd/Ω, and Pd is the total pres-
sure exerted by gas, radiation and magnetic field, which can be ex-
pressed as function of Td, ρd.
Eqs. (1)–(7) are the complete set of equations for seven un-
knowns, that is the electron temperature Te and density nc in the
corona, the mid-plane temperature Td and density ρd in the disc,
the magnetic field strength B, the energy fraction released in the
corona f and the soft photon energy density Urad emitted from the
disc. Given the black hole mass M, accretion rate ÛM, viscosity pa-
rameter α and magnetic coefficient β0, the equations from (1) to (7)
can be numerically solved for different radius with initial value for
λt = 1.0 and λu = 1.0. With the obtained disc and corona param-
eters we calculate the emergent spectra of the disc–corona system
by Monte Carlo simulations. We further check the self-consistency
from the Monte Carlo results, that is, (1) whether the luminosity of
downward-scattered photons is approximately equal to irradiation
luminosity assumed in the structure calculation (relevant to λu),
and (2) whether the luminosity of escaped photons, composed of
non-scattered, upward-scattered, and reflected photons, is approxi-
mately equal to the liberated rate of total gravitational energy. We
adjust the two parameters λt and λu in the iterative computation un-
til the above two conditions are fulfilled. This iterative calculation
modifies the density of re-processed soft photons and the scatter-
ing depth adopted in calculating the disc and corona parameters by
Monte Carlo simulations. For a detailed explanation on the iterative
procedure, see Liu et al. (2003).
In this work, significant improvements on our disc–corona
model have been made. First, the radiation from the the whole sta-
ble disc–corona system is taken into account. The outer boundary
of the disc–corona system is set to the self-gravity radius Rsg of
several hundreds to thousand RS (Laor & Netzer 1989). Whilst in
the previous work only the inner part of R ≤ 50RS was consid-
ered when the study focused on X-ray emission. This is crucial
for a more realistic description of the emergent spectra in the op-
tical band, as this portion of the broad-band SED is mainly con-
tributed by the thermal emissions at larger distances. Second, the
length of magnetic loop is set as lc ≈ R, which is more reason-
able for a geometrically thick, two-temperature hot accretion flows
(e.g. Narayan & Yi 1994, 1995a,b; Yuan & Narayan 2014) than a
constant value of 10RS for all distances adopted in previous stud-
ies. Third, the precision of the energy conservation is substantially
improved by implementing the iterative procedures at each local-
MNRAS 000, 1–14 (2019)
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ized disc region rather than taking the whole disc as one region in
previous studies. Fourth, reflection (for an albedo of 0.2) is taken
into account in the iterative calculation. With these refinements, the
model is now more self-consistent and strictly energy-conservative
(both locally and globally), which can be applied to explain the ob-
servational data over a wide energy band from the optical/UV to
X-rays.
We point out that the X-ray emission is dominantly con-
tributed by the innermost corona since it is powered by the re-
leased gravitational energy (∝ 1/R), even though the corona ex-
tends to large distances. Detailed study of hot corona (Liu et al.
2017) shows that the bulk X-ray emissions concentrate in a region
within 10RS − 20RS. The disc–corona model is not contradictory
with the observed ‘compact’ size measured by X-ray radiation (e.g.
Reis & Miller 2013; Fabian et al. 2015; Chartas et al. 2016) .
2.2 Theoretical spectra
In our model, the viscosity parameter α is fixed to the value of
0.3, as have been done in previous investigations (Liu et al. 2003;
Liu, Qiao & Liu 2016). The structure and emergent spectrum of
the disc–corona depend on the black hole mass m (in units of solar
mass M⊙), the mass accretion rate Ûm (in units of the Eddington
rate ÛMEdd = 1.4× 1018
M
M⊙
g s−1 for an efficiency η = 0.1) and the
magnetic equipartition coefficient β0. The effects of the parameter
m, Ûm, and β0 on the disc–corona structure and further the broad-
band spectral features are investigated in details in the following
subsections. The main spectral features and their dependence on
m, Ûm, and β0 are summarized in the last two paragraphs of this
subsection.
2.2.1 The effect of mass accretion rate
It has been speculated that the spectrum of an object with given
black hole mass is solely determined by the mass accretion rate.
The variation of the spectrum is then caused by a change in the
accretion rate. With magnetic field involved in transporting energy
from the disc to the corona, an additional parameter, namely the
equipartition coefficient β0, also plays a role in determining the
relative strength of radiations from the disc and the corona. To study
the effect of accretion rate, we take values of m = 108 and β0 =
200, and show the structure of accretion flows and radiation spectra
in Fig. 1 and Fig. 2.
In the panel (a)–(d) of Fig. 1, the radial distributions of ef-
fective temperature in the disc, the coronal electron temperature,
the coronal modified optical depth, and fraction of the energy re-
leased in the corona are plotted for the mass accretion rate Ûm = 0.05
(red), 0.1 (green), and 0.5 (blue), respectively. An obvious feature
is that the coronal temperature, optical depth, and energy fraction
turn over at some distance, with a larger extent at higher accretion
rates. This is because the radiation pressure dominates over the gas
pressure in the inner disc region. With the increase of the accre-
tion rate, the radiation pressure-dominant region becomes large,
leading to the turn-over at large distance. As the radiation pres-
sure in the disc solution does not depend on the accretion rates, the
strength of magnetic field does not vary with Ûm under the equipar-
tition assumption. Therefore, the energy fraction ( f ) transferred to
the corona decreases with increase of accretion energy measured
by Ûm. Consequently, the disc radiation increases, while the coronal
density (equivalent to optical depth) and temperature are lower due
to less heating (small f ) and more cooling (caused by strong disc
radiation) at higher accretion rates. As shown in panel (b) and (c) of
Fig. 1, the coronal electron temperature decreases from ∼ 1.3 × 109
to ∼ 7×108 K, and the optical depth decreases from ∼ 0.45 to ∼ 0.1
when the accretion rate increases from 0.05 to 0.5. We note that the
radial distribution of the effective temperature is not similar to that
of corona. This is because roughly half of the corona radiation goes
back to illuminate the disc, no matter how much accretion energy is
transferred to the corona. The inclusion of illumination could also
lead to a quantitative deviation from the above analyses but could
not change the variation trend with Ûm.
The spectrum is determined by the structure of the two-phase
accretion flow. With the dependence of the disc–corona structure
on the accretion rate, we expect that the ratio of X-ray emission to
disc decreases with increase of Ûm as a result of decrease in energy
fraction f ; The optical/UV spectrum shifts to higher frequencies
due to more accretion energy released in the disc; The decrease
of coronal temperature and optical depth leads to a large decrease
of Compton y-parameter, thereby significantly softens the X-ray
spectrum. The detailed spectral index from IC scattering in opti-
cally thin corona is α ≈ ln 1τes /ln A, where the amplification factor
A is determined by electron temperature, A = 1+ 4θe + 16θe2 with
θe =
kTe
mec2
. Such predictions are confirmed by our computational
results, as illustrated in Fig. 2. That is, from Ûm = 0.05 to 0.5, the X-
ray spectrum becomes weaker and softer, and the disc component
becomes stronger and shifts to higher frequency. Such a feature is
in agreement with observations in AGN (e.g. Shemmer et al. 2006;
Vasudevan & Fabian 2007; Jin et al. 2012). Nevertheless, the ob-
tained spectra as shown in Fig. 2 are still too soft compared to the
observational X-ray spectra in some AGNs. A stronger magnetic
field is expected to produce a harder X-ray spectrum for a given
accretion rate, which is discussed in the following subsection.
2.2.2 The effect of the strength of magnetic field
The magnetic equipartition coefficient, β0, is defined as the ratio of
the sum of the gas and radiation pressure to the magnetic pressure.
A large value of β0 implies a weak magnetic field. For different β0
values, we calculate the disc–corona structure and then the emer-
gent spectrum. The radial distributions of effective temperature in
the disc, the coronal electron temperature, the coronal modified op-
tical depth, and the fraction of the energy released in the corona are
plotted in Fig. 3 for fixed m = 108, Ûm = 0.1, and different magnetic
equipartition coefficient β0 = 100 (blue), 200 (green), and 1000
(red). The emergent spectra are shown in Fig. 4. It can be seen
that the increase of the magnetic field (equivalent to a decrease in
β0) results in an increase in the coronal temperature, optical depth
(density), and hence strong X-ray radiation, whilst the disc emis-
sion decreases. This is easy to understand since a stronger mag-
netic field means more energy can be transported into the corona,
which evaporates more gas to a higher temperature and produces
stronger Compton radiations. In this manner, the magnetic field
can significantly affect the coronal temperature and density, and
thereby changes the spectrum significantly, in particular, the hard
X-ray spectral shape. In contrast, the effective temperature of the
disc depends only weakly on β0 because the energy released in the
corona partially comes back to heat the disc through irradiation.
We find that for β0 = 100 and Ûm = 0.1, nearly all the accretion
energy is transferred to the corona by magnetic field ( f ≈ 1), and
the disc is heated by the coronal irradiation rather than viscosity,
which is referred to a passive disc. Further increase of magnetic
field does not change the results. We note that critical value of β0
MNRAS 000, 1–14 (2019)
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Figure 1. Effect of mass accretion rate on the radial distribution of the effective temperature in the thin disc (panel a), the electron temperature in the corona
(panel b), the modified optical depth in the corona (panel c), and the fraction of energy released in the corona (panel d). The black hole mass and magnetic
parameter are fixed to m = 108 and β0 = 200, while the accretion rate changes from 0.05, 0.1, to 0.5. The coronal temperature (Te), optical depth (τ),
and energy fraction ( f ) decrease dramatically when the disc changes from gas pressure-dominant at large distances to radiation pressure-dominant at small
distances.
Figure 2. Effect of mass accretion rate on the emergent spectra from the disc–corona system. Parameters are the same as Fig.1. The luminosity has been scaled
to the bolometric luminosity.
for becoming a passive disc ( f ≈ 1) depends on the mass accretion
rates. For instance, the passive disc solution ( f ≈ 1) is satisfied
when β0 decreases to ∼ 50 at an accretion rate of Ûm = 0.5, com-
pared to β0 = 100 at Ûm = 0.1; However, in the case of Ûm = 0.01,
this can be achieved for β0 = 200.
The magnetic field also affects the radial structure of disc and
corona, as shown in the radial distribution of coronal temperature
and optical depth in Fig. 3. In the case of strong magnetic field, the
disc can be gas pressure-dominant at almost all radii since a large
amount of energy is transferred to the corona (say, β0 = 100); while
in the case of weak magnetic field (β0 = 1000), only ∼ 16 per cent
of the accretion energy is released in the corona, and the radiation
pressure-dominant region in the disc extends to a distance of R ∼
100RS. The size of the radiation pressure-dominant region in the
disc leads to a corresponding change of the coronal temperature
and optical depth along distance, as discussed in above subsection.
MNRAS 000, 1–14 (2019)
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Figure 3. Effect of magnetic field on the radial distribution of the effective temperature in the thin disc (panel a), the electron temperature in the corona (panel
b), the modified optical depth in the corona (panel c), and the fraction of energy released in the corona (panel d). The black hole mass and magnetic parameter
are fixed to m = 108 and Ûm = 0.1, while the magnetic parameter changes from 100, 200, to 1000. The coronal temperature (Te), optical depth (τ), and energy
fraction ( f ) decrease dramatically when the disc changes from gas pressure-dominant at large distances to radiation pressure-dominant at small distances.
Figure 4. Effect of magnetic field on the emergent spectra from the disc–corona system. Parameters are the same as Fig.3. The luminosity has been scaled to
the bolometric luminosity.
2.2.3 The effect of black hole mass
The black hole mass in AGN spans typically from 106 to 109 so-
lar mass. This can lead to significant differences in the effective
temperature of a standard disc (Teff ∝ m
−1/4) for individual AGN.
We study the influence of black hole mass on both the disc and
corona structure and the emergent spectrum. In the panels (a)–(d)
of Fig. 5, we plot the effective temperature in the disc, the elec-
tron temperature, the modified optical depth and the energy frac-
tion in the corona as a function of radius for the black hole mass
m = 107 (red), 108 (green), and 109 (blue), with given Ûm = 0.1 and
β0 = 200. Similar to the standard Shakura–Sunyaev disc, the effec-
tive temperature of the disc is lower for a higher black hole mass,
and the radiation shifts to lower frequencies as shown in Fig. 6. On
the other hand, the effects of the black hole mass on the distribution
of coronal electron temperature Te and modified optical depth τ can
nearly be neglected. This is a common nature of optically thin, hot
accretion flows, no matter it is an ADAF, a friction-heated corona,
MNRAS 000, 1–14 (2019)
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Figure 5. Effect of black hole mass on the radial distribution of the effective temperature in the thin disc (panel a), the electron temperature in the corona (panel
b), the modified optical depth in the corona (panel c), and the fraction of energy released in the corona (panel d). The accretion rate and magnetic parameter
are fixed to Ûm = 0.1 and β0 = 200, while the black hole mass changes from 107, 108, to 109 solar mass. The coronal temperature (Te), optical depth (τ),
and energy fraction ( f ) decrease dramatically when the disc changes from gas pressure-dominant at large distances to radiation pressure-dominant at small
distances.
Figure 6. Effect of black hole mass on the emergent spectra from the disc–corona system. Parameters are the same as Fig.5. The luminosity has been scaled
to the bolometric luminosity.
or magnetic-reconnection-heated corona. Consequently, the hard
X-ray spectral index is independent of the black hole mass. Com-
bined with the effect of m on the disc radiation, the SED from disc
and corona shifts to lower frequency for higher black hole mass, as
shown in Fig. 6.
To summarize, the theoretical spectrum from the disc and
magnetic-reconnection-heated corona consists of two primary por-
tions, that is the optical-to-EUV radiation is dominated by the mul-
ticolor blackbody emission from optically thick disc, while the ra-
diation from EUV to hard X-ray band is dominated by the Comp-
tonization process of the disc photons, forming a power-law spec-
trum in the hard X-ray band below ∼ 100 keV or so. The emer-
gent spectrum from the disc–corona varies with three physical pa-
rameters inherent in the model, that is the black hole mass m, the
mass accretion rate Ûm, and the magnetic equipartition coefficient
β0. The X-ray spectrum is steeper at higher accretion rate, implying
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a stronger disc (relative to the corona) when the source is brighter.
Similarly, the X-ray emission increases with the increase of mag-
netic field, meanwhile the disc emission decreases. Compared to
the effect of accretion rate, the spectral features in the X-ray band
are more sensitive to the variations in β0, since it directly deter-
mines the energy released in the corona. The black hole mass only
affects the disc component. The higher the black hole mass is, the
lower frequency of disc radiation peaks at.
Such a model provides a physical mechanism to interpret the
variety of observational AGN spectra with limited free parame-
ters. In particular, the magnetic buoyant instability and magnetic-
reconnection scenario solves the energy shortage of the corona,
making it possible to produce sufficiently strong X-ray emission
as observed in AGN. The energy fraction liberated in the corona,
f , is self-consistently determined by the magnetic behavior and the
coupling of the disc and the corona, which was usually taken as a
free parameter without a physical mechanism in previous studies.
The predicted spectral features are in qualitative agreement with
observational characteristics in AGN. Modelling of observed SED
for a sample of AGN is performed in the next section.
3 MODELLING THE OBSERVED BROAD-BAND SED OF
AGN
On the basis of above theoretical investigations, we are ready to
model the observational spectra of AGN from just the two funda-
mental parameters – the black hole mass and accretion rate – plus
the magnetic equipartition coefficient. In the following spectral fit-
ting, m, Ûm, and β0 are set to be as free parameters, which can be
constrained from the shapes and luminosities of the observed SEDs
of individual AGN.
3.1 Sample and data
In a recent study, we obtained the broad-band SEDs of a sample of
23 local AGNs (Cheng et al. 2019). The sample is adopted for spec-
tral modelling in this investigations given the following advantages.
First, the optical, UV, and X-ray data are obtained by simultaneous
observations with the UV/Optical telescope (UVOT, Roming et al.
2005) and X-ray telescope (XRT, Burrows et al. 2005) onboard the
Neil Gehrels Swift Observatory (Gehrels et al. 2004), which are es-
sential for SED studies. Moreover, the sample was selected to be
largely free from dust reddening using the Balmer decrement as
an indicator. Secondly, photometry of the nuclei was measured in
an elaborate way by eliminating the host galaxy starlight. Thirdly,
their optical spectral parameters were measured accurately in a ho-
mogenous way by taking advantage of the Sloan Digital Sky Sur-
vey (SDSS, York et al. 2000) spectroscopic observations of all the
sample objects (see Cheng et al. 2019, for details). Therefore, the
virial black hole masses (Mvir) were reliably measured from the
single-epoch spectral parameters, and thus the Eddington ratios for
the sample objects.
The luminosities of the sample objects in the optical, UV, and
X-ray bands are taken from Cheng et al. (2019). It should be noted
that the optical/UV luminosities are derived from the measured
photometric fluxes for disc emission assuming an inclination an-
gle of 30◦ of the disc normal with respect to the line of sight (see
Cheng et al. 2019, Section 4.1); whereas the X-ray luminosities are
derived assuming isotropic emission of the optically thin corona.
To facilitate the modelling of the SED, the uncertainties of some
of the measurements in Cheng et al. (2019) are estimated or re-
fined. First, the errors on the measurement of the luminosities in
optical/UV band are quantitively reevaluated. For the error on the
measurement of the luminosities in the optical (u, b, v) band, we
include the standard measurement error, the systematic error due to
the calibration and an extra error of 20 per cent to take into account
the uncertainty in performing the AGN–host galaxy decomposition,
which is estimated via the comparison of our results with those of
Koss et al. (2011) for the seven same objects in the two samples.
For UV (uvw1, uvm2, and uvw2) bands, the standard error from
Poisson noise is combined with the flux calibration error and an
additional error of 10 per cent on the uncertainty associated with
the possible host galaxy contribution, which is estimated based on
the results in Vasudevan et al. (2009). The uncertainty associated
with the estimation of the dust extinction effect is not considered
as the sample is selected in a way that there is little or no intrinsic
dust reddening as indicated by the Balmer decrement of the broad
emission lines.
It should be noted that the soft X-ray data (0.3–2 keV) is
not taken into account in the spectral fitting. This is because this
energy band is often contributed by the so-called soft X-ray ex-
cess, whose origin is yet unknown (e.g. Magdziarz et al. 1998;
Done et al. 2012) and whose contribution to the total accretion en-
ergy budget is negligible (see Cheng et al. 2019, for details). There-
fore, only the X-ray spectra in the 2–10 keV band and the opti-
cal/UV data are utilized. In some of the objects the 2–10 keV spec-
tra are of low quality due to the relatively low effective area of XRT
above 2 keV.
Since we consider our disc–corona model to be applicable in
the range of Ûm, that is accretion rate in units of the Eddington rate,
from 0.01 to 1 (see below), three of the sample objects with signif-
icantly lower Eddington ratios (λEdd << 0.01) are excluded. Thus
the final sample used in the following data modelling comprises
only 20 objects, whose basic data are listed in Table 2 and their
broad-band SEDs are shown in Fig. 7.
3.2 Spectral fitting procedure
The fitting procedure is implemented by comparing the observed
broad-band spectra with theoretical disc–corona SEDs. For this
purpose, we construct a grid of models covering wide ranges in
the parameter space of the black hole mass, mass accretion rate and
magnetic equipartition coefficient. Specifically, a grid of 496 400
models is constructed, with the parameter ranges of 6.5–9.4 for
log (M/M⊙), 0.01–1.0 for Ûm and 0.001–0.034 for 1/β0 (see Table
1). The range of black hole mass is chosen based on the distribution
of the virial masses of the sample considering their typical system-
atic uncertainty of 0.5 dex (Grier et al. 2017). We note that for each
individual AGN, the black hole mass is allowed to vary within an
uncertainty range of ±0.5 dex of the virial mass only, if the fitted
mass value (with its uncertainty taken into account) exceeds sig-
nificantly the allowed range. The range of the mass accretion rate
of 0.01–1.0 is chosen to validate the thin disc assumption, beyond
which the thin disc could be replaced by an ADAF (e.g. Ichimaru
1977; Rees et al. 1982; Narayan & Yi 1995a,b; Abramowicz et al.
1995; Yuan & Narayan 2014) or a slim disc (e.g. Abramowicz et al.
1988; Wang et al. 1999; Ohsuga et al. 2002). Here the critical ac-
cretion rate for a slim disc to occur is assumed to be 1 (rather than
0.3) since part of the accreted energy is carried away by the mag-
netic field. The range of the magnetic equipartition coefficient β0
is set in such a way that the energy fraction f varies from 0 to 1.
For each set of the model parameters, the χ2 statistic is cal-
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Table 1. Ranges and steps of the parameters adopted to construct the grid
of models used for SED fitting
Parameter Min–Max values Step Number of steps
log (M/M⊙) 6.5 − 9.4 0.02 146
Ûm 0.01 − 1.0 0.01 100
1/β0 0.001 − 0.034 0.001 34
culated using the SED data. The best fit is obtained by searching
for the global minimum of the resulting χ2 grid over the entire
parameter space specified as in Table 1. The confidence range of
a given parameter at the 90 per cent level for one interesting pa-
rameter is derived as the boundaries around the best-fitting value
beyond which the χ2 increment ∆χ2 ≥ 2.71 (with the other pa-
rameters freely fitted). To assess the statistical goodness-of-fit, the
null hypothesis probability p of the best fit is also derived from the
χ2 distribution.
3.3 Fitting results
The best-fitting parameters of the disc–corona model are listed in
Table 2 and the fitted SEDs are overplotted in Fig. 7. As can be
seen, the models can generally reproduce the overall SEDs across
the optical/UV and X-ray bands reasonably well. For the major-
ity of the sample, the model fits are acceptable (or marginally) in
the statistical sense (p ≥ 0.1 in 13), although in several objects
the X-ray spectral quality is too poor to yield meaningful con-
straint. In the remaining objects, the fits are poor as the model
apparently fails to account for the spectral slopes in either X-ray
(four objects) or optical/UV (three objects). For the overall sample,
the modelled 2–10 keV X-ray photon indices are in the range of
Γ = 2.2–2.5 (without taking into account the disc-reflection com-
ponent). These values, however, appear to be steeper than those
of many Seyferts which have Γ ∼ 1.7–1.9 as directly observed
and 1.9–2.0 for the primary continuum when the reflection com-
ponent is accounted for (e.g. Nandra & Pounds 1994; Corral et al.
2011; Rivers et al. 2013; Lubin´ski et al. 2016; Ricci et al. 2017), al-
though AGNs with relatively higher Eddington ratios tend to show
steeper Γ (e.g. Shemmer et al. 2006, 2008; Brightman et al. 2013).
See Section 4.1 for further discussion.
The distribution of the fitted mass accretion rates is plotted
in Fig. 8. It shows that the accretion rates centre around 0.04,
with a minimum 0.01 and a maximum 0.57. In particular, Ûm is
smaller than 0.3 in 18 out of the 20 objects. In only two sources
relatively larger Ûm are yielded, namely Ton 1388 (0.57) and RX
J1355.2+5612 (0.4). Therefore, the distribution of Ûm from the
spectral fitting supports the basic assumption of our model, that
the gravitational energy is efficiently released via the standard
Shakura–Sunyaev disc (η ≈ 0.1).
The distribution of β0 is plotted in Fig. 9, showing a range
from ∼ 30 to ∼ 300 with a median of 111. The relative small val-
ues of β0 suggest a strong magnetic-reconnection-heated corona
residing in most of the sources. The energy fraction released in
the corona (averaged along radius) exceeds 80 (90) per cent in 15
(12) objects, as listed in Table 2. In such cases, the intrinsic disc
emission is so weak that the reprocessed radiation from the down-
ward Compton scattering completely dominates the energy density
of the soft photons. This implies that the radiation pressure in the
disc (mid-plane) is much weaker than that in a standard disc for
the same accretion rate. Specifically, from the spectral fitting we
find that the innermost radius of the disc region where the radiation
pressure is indeed less than or comparable to the gas pressure can
generally extend down to R ≤ ∼ 20 RS for f >∼ 0.9 and all the way
down to the last stable orbit for f close to 1 (the exact radius de-
pends also on Ûm). An important consequence is that the radiation
pressure-induced disc instability is ruled out in these AGN. This
explains why there is no observational evidence for the instability
which is predicted to exist in a standard disc around supermassive
black hole. The magnetic field plays a key role in both producing
strong X-ray emission and stabilizing the accretion flows in AGN.
For the remaining five objects, weaker X-ray emission (rela-
tive to the optical/UV component) is found and a weaker corona
solution is deduced. Less energy is carried away by the mag-
netic field, leading to a decrease in the coronal energy fraction f .
Among these, three (RX J1209.8+3217, PG 1307+085, and RX
J1702.5+3247) have f = 0.7–0.8 and thus 20–30 per cent of the
accretion energy is released in the disc; the radiation pressure-
dominant region begins to appear in the inner disc. For the other
two objects, which have the highest accretion rates among the sam-
ple, Ton 1388 ( Ûm ≈ 0.57 and Lbol ≈ 2.5 × 1046 erg s−1) and RX
J1355.2+5612 ( Ûm ≈ 0.4 and Lbol ≈ 1.6 × 10
45 erg s−1), about half
of the accreted energy ( f ∼ 0.5) is released in the disc. The inner
regions of their discs (up to radii R < ∼ 100 RS) are completely
dominated by radiation pressure, although the reduced heating and
hence the disc radiation can mitigate somewhat the photon-trapping
effect therein. Compared to other AGNs in the sample, a strong disc
and relatively weak corona scenario is favoured for them.
The black hole mass can, in principle, also be determined
from the spectral modeling. It would be interesting to compare the
thus inferred masses with those derived independently via the virial
method from the single-epoch SDSS optical spectra in our previous
work (Cheng et al. 2019), as given in Table 2. For the majority (17)
of the sample objects, the fitted mass values are broadly consistent
with Mvir within their mutual uncertainties (0.5 dex for Mvir and
the 90 per cent error for the fitted mass). A comparison of the fitted
masses with Mvir for these 17 objects is shown in Fig.10. Whereas
for the remaining three objects, the mass value just reaches the end
of the allowed range (reaching the higher end logMvir + 0.5 for
all). We note that this bias of fitting the mass in these objects arises
mainly frommatching their relatively flat/red optical/UV slopes ob-
served with the turnover of the disc emission bump, which requires
a higher black hole mass so as to shift the peak to a lower frequency
(see Section 4.1 for discussion).
4 DISCUSSION
4.1 Spectral deviations from disc–corona model prediction
In several objects (particularly SBS 1136+594, Mrk 1310, Mrk
290, and Ton 730), the observed X-ray spectra are too flat/hard
(Γ ≈ 1.4 − 1.7; Cheng et al. 2019) to be accounted for by the
model. Whereas in several others (e.g. RX J1007.1+2203, Mrk 142,
and KUG 1618+410) the X-ray spectral data are of too low qual-
ity to constrain strongly the model. For the overall sample, our
model generally yields Γ = 2.2–2.5, which appear to be steeper
than those often observed in typical Seyfert galaxies (Γ ∼ 1.7–
1.9; e.g. Nandra & Pounds 1994; Dadina 2007, 2008; Corral et al.
2011; Lubin´ski et al. 2016). Here we discuss this discrepancy from
both observational and theoretical considerations.
The observed X-ray spectra of some AGN may show a com-
plex shape and deviate significantly from the original form of the
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Figure 7. Broad-band SED data of the sample objects in optical/UV and X-ray observed simultaneously with Swift UVOT and XRT (taken from Cheng et al.
2019), overplotted with the best-fitting SEDs of the magnetic-reconnection-heated disc–corona model (solid line). The best-fitting parameters (black hole
mass, accretion rate, and magnetic equipartition coefficient) are labelled, as well as the derived fraction of energy released in the corona ( f ).
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Figure 7 (continued)
Table 2. Fitting results and the virial black hole masses of sample objects
Object log(Mvir/M⊙) log(M/M⊙) Ûm β0 χ
2
ν
p f
(1) (2) (3) (4) (5) (6) (7) (8)
Mrk 1018 8.4 7.8+0.2
−0.5
0.12+0.08
−0.04
95+13 7/16 0.97 0.96
Mrk 493 7.5 8.1+0.1
−0.2
0.01+0.01 250+57
−96
5/11 0.93 0.89
Mrk 1392 8.2 8.0+0.2
−0.2
0.03+0.02
−0.02
111+99 10/17 0.90 0.96
Ton 1388 8.8 8.6+0.3
−0.2
0.57+0.43
−0.29
111+46
−24
6/11 0.87 0.47
CBS 126 7.9 8.5+0.3
−0.3
0.02+0.02
−0.01
222+63 4/7 0.78 0.92
RX J1007.1+2203 7.5 8.2+0.1
−0.4
0.01+0.03 278+98
−126
3/5 0.70 0.88
Mrk 142 7.2 7.9+0.2
−0.3
0.03+0.06
−0.02
29+167 3/5 0.70 0.99
MCG 04-22-042 7.7 7.8+0.1
−0.2
0.07+0.08
−0.02
29+98 24/27 0.63 0.99
Mrk 705 7.2 7.6+0.2
−0.2
0.04+0.06
−0.02
29+114 9/10 0.53 0.99
PG 1138+222 7.6 8.2+0.2
−0.3
0.07+0.09
−0.03
133+16 17/16 0.39 0.94
PG 1307+085 8.6 8.4+0.4
−0.3
0.22+0.48
−0.14
105+48
−35
16/15 0.38 0.77
Mrk 771 7.9 8.3+0.2
−0.3
0.04+0.04
−0.02
235+26
−41
16/13 0.25 0.88
KUG 1618+410 7.1 7.2+0.4
−0.4
0.03+0.09
−0.02
29+178 6/4 0.20 0.99
Ton 730 8.0 8.2+0.2
−0.2
0.04+0.03
−0.02
167+28 20/12 0.07 0.93
RX J1209.8+3217 7.6 8.1 (b) 0.04+0.03
−0.01
286+52
−71
9/4 0.06 0.76
RX J1702.5+3247 8.0 8.5 (b) 0.10+0.03
−0.02
174+18
−31
15/8 0.06 0.78
Mrk 1310 7.2 6.7+0.1
−0.2
0.07+0.06
−0.02
29+102 20/9 0.02 0.99
Mrk 290 8.0 7.7+0.1
−0.2
0.04+0.02
−0.02
29+130 31/17 0.02 0.99
RX J1355.2+5612 7.1 7.6 (b) 0.40+0.60
−0.06
125+29
−39
15/4 0.005 0.51
SBS 1136+594 7.9 7.6+0.1
−0.2
0.18+0.14
−0.04
29+45 59/33 0.004 0.99
Notes: Column (1): NED name of sample objects; column (2): virial black hole masses obtained from Cheng et al.
(2019); column (3): black hole masses; those reaching the boundary of the allowed range (logMvir ± 0.5) are marked
with ’b’; column (4): accretion rate; column (5): magnetic equipartition coefficient; column (6): reduced χ2
ν
; column
(7): null hypothesis probability; and column (8): averaged fraction of energy released in corona.
Uncertainties quoted are at the 90 per cent level for one interesting parameter; no uncertainties given mean that the
parameters cannot be constrained.
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Figure 8. Distribution of the best-fitting mass accretion rates Ûm of the sam-
ple objects.
Figure 9. Distribution of the best-fitting magnetic equipartition coefficients
β0 of the sample objects.
primary corona emission. First, any absorption in excess of that
is accounted for by models (usually the Galactic absorption) or
partial coverage of the emission region will harden the observed
X-ray spectra. Secondly, the X-ray spectra of some AGN are ob-
served to be significantly contributed, or even dominated, by a re-
flection component from the accretion disc and dusty torus, which
is peaked around 30–40 keV and can flatten the observed overall
spectra below 10 keV (e.g. George & Fabian 1991; Ross & Fabian
2005), and not included in our modeling. Observationally it has
been demonstrated that, in many Seyferts with typical Γ = 1.7–
1.9 as observed, their primary X-ray continua have actually steeper
slopes of Γ = 1.9–2.0 when the reflection component is accounted
for (e.g. Nandra & Pounds 1994; Dadina 2007; Corral et al. 2011;
Rivers et al. 2013; Ricci et al. 2017). This is also confirmed by our
simulations that the observed X-ray spectra will flatten by ∆Γ =
0.1–0.2 when an assumed reflection component is included, by
using XSPEC and its disc reflection model XILLVER (García et al.
2013). However, for the relatively steep X-ray slopes of our mod-
eling, this effect is not sufficient to explain the rather flat spectral
indices of Γ ∼ 1.7–1.9, unless in some extreme conditions. For ex-
ample, this happens when part of the primary X-ray emission from
corona is hampered to reach the observer by various processes,
Figure 10. Comparison of the fitted black hole masses and the virial masses
(from Cheng et al. 2019). Only 17 objects with fitted mass values consistent
with Mvir within the mutual uncertainties are plotted; whereas for the oth-
ers, the mass values reach the end of the allowed range (logMvir ±0.5 dex).
The error bars are at the 90 per cent confidence level. The solid line repre-
sents the one-to-one relation, and the dashed lines denote the uncertainties
(±0.5 dex) of the virial mass.
such as obscuration or light bending (e.g. Fabian & Vaughan 2003;
Miniutti & Fabian 2004). The current X-ray data quality, as ob-
tained with Swift/XRT, is insufficient to disentangle these complex
components from the primary coronal emission. We defer more rig-
orous modeling of the AGN spectra by taking into account the re-
flection component to a future work.
Furthermore, it has recently been suggested that the primary
X-ray spectral slopes of AGNs depend on the Eddington ratio λEdd
(e.g. Brightman et al. 2013; Trakhtenbrot et al. 2017; Wang et al.
2019). Specifically, AGNs showing flat spectra Γ ≤ 2 have gen-
erally lower Eddington ratios λEdd ≤ 0.1, and the spectra steepen
with the increase of λEdd. Since some of our sample objects have
λEdd > 0.1, their X-ray spectral indices are expected to be Γ > 2,
somewhat steeper than 1.9–2.0 of the primary continuum as found
in many Seyferts. In fact, our model naturally predicts the trend of
spectral steepening with increasing λEdd.
However, we expect that the above factors may only allevi-
ate somewhat, rather than eliminate, the discrepancy between the
model and observed spectral indices, due to the limitation of this
and other similar models. A theoretical limit to the hardness of
the spectral slope can be understood as the following. In the disc–
corona coupling model, around half of the coronal radiation is in-
tercepted by the disc, which is mostly absorbed (or scattered) and
eventually re-emits at lower energy bands. This implies that the disc
emission, contributed by both the irradiation and intrinsic radiation,
is usually stronger than that of corona. Only at the extreme case that
all the viscous energy is transported into the corona ( f ≈ 1), can the
coronal luminosity be comparable with that of disc. With decreased
disc emission the Compton cooling rate also decreases, leading to
an increase in the coronal temperature and density. Therefore, the
Compton-y parameter (defines as y = 4kTe
mec2
τes ∝ ncTe) reaches
its upper limit at f ≈ 1, corresponding to the hardest possible
X-ray spectral slope. In fact, this has been a long-standing prob-
lem for the non-truncated planar disc geometry around black holes
(for a detailed review, see Poutanen et al. 2018), and one way to
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resolve this issue is to reduce the the interception fraction of the
coronal radiation. To reach such a situation, several models have
been proposed beyond the canonical plane-parallel corona config-
uration, such as the patchy/clumpy/truncated disc–corona model
(e.g. Galeev et al. 1979; Haardt et al. 1994; Stern et al. 1995) and
the dynamically outflowing corona model (e.g. Beloborodov 1999;
Malzac et al. 2001).
We now consider the spectral deviations in the optical/UV
band in some of the objects, e.g. RX J1209.8+3217, RX
J1355.2+5612, and RX J1702.5+3247. In fact, their observed spec-
tra are redder than those of the other sample objects and than
the prediction of the standard Shakura–Sunyaev disc (Cheng et al.
2019). This is most likely not caused by dust reddening since the
sample objects were selected to be essentially free from dust extinc-
tion, as indicated by their Balmer decrement in the optical spec-
tra (Cheng et al. 2019). As demonstrated by Cheng et al. (2019),
the observed flattening of the optical/UV spectra is likely a conse-
quence of the loss of accreted mass from outside inward, by means
of outflows or disc/winds, hence leading to a flattened temperature
profile from outside inward. Such an effect is not taken into ac-
count in the current disc–corona model. To summarize, additional
processes or spectral components can practically complicate the ap-
pearance of the spectra as observed in AGN.
4.2 Relative strength of the coronal X-ray radiation
For the majority of the sample objects, a strong corona with an
irradiation-heated disc scenario ( f > 80 per cent) is suggested by
our disc–corona model. In these objects, the X-ray emission is rela-
tively strong with regard to optical/UV emission, arising from rela-
tively strong magnetic fields. We suggest that this scenario is likely
common in typical Seyfert galaxies. Indeed, our sample is biased to
local X-ray bright AGN which are predominantly Seyfert galaxies
with moderate accretion rates. As for high-luminosity quasars, the
situation is less clear as there are only a few quasars in our sam-
ple. Specifically, the two objects with the highest accretion rates,
Ton 1388 ( Ûm ≈ 0.57, Lbol ≈ 2.5 × 1046 erg s−1; Pâris et al. 2017)
and RX J1355.2+5612 ( Ûm ≈ 0.4, Lbol ≈ 1.6 × 1045 erg s−1),
are of typical quasar luminosities. Their observed SEDs require
only about half of the accretion energy transported into the corona
( f ∼ 0.5), mainly due to a much higher accretion rate than the oth-
ers ( Ûm ∼ 0.57 and 0.4, respectively), and their observed X-ray lu-
minosities are much lower than the optical/UV luminosities. We an-
ticipate that this may be a commonplace in many luminous quasars
with high accretion rates, whose SEDs are dominated by a strong
optical/UV bump. However, this has to be tested in the future with a
larger sample of quasars. We suggest that in AGNs there may exist
a wide range of the relative magnetic field strengths, and hence of
the fractions of energy transported into the corona, leading to the
diverse relative strengths of the corona X-ray emission with respect
to the optical/UV emission.
A small fraction of AGNs are known to have signifi-
cantly weak intrinsic X-ray emission compared to their opti-
cal/UV emission, referred to as X-ray weak AGN (e.g. Yuan et al.
1998; Brandt et al. 2000; Williams et al. 2004; Dong et al. 2012;
Luo et al. 2014). They are characterized by much larger ef-
fective optical-to-X-ray spectral indices (defined as αox =
−0.384 log L(2keV)/L(2500Å), Tananbaum et al. 1979) than those
expected from the αox–L2500 relation (L2500 is the monochromatic
luminosity at 2500 Å). In the framework of our model, these AGNs
can be understood if their magnetic fields in the disc are much
weaker (larger β0 values) than those in normal AGNs. In the ex-
treme case when the coronal energy fraction is too low ( f ∼ 0),
the emergent spectrum will approach that of the standard Shakura–
Sunyaev disc. As a simple comparison with observations, we cal-
culate theoretical αox for a given range of L2500 = 10
27–1028
erg s−1 Hz−1 assuming m = 106 and β0 = 350. We find αox span-
ning a range of ∼ 1.5–1.8, which are in good agreement with those
of the X-ray weak AGNs in the Dong et al. (2012) sample. This
suggests that the observed weak X-ray emissions in these objects
can be attributed to a very weak magnetic activity of the underlying
disc.
5 SUMMARY
Aiming at the long-standing problem of how the disc corona is
heated so as to sustain strong X-ray emission as observed in bright
AGNs, we have studied a thin disc coupled with a corona through
magnetic field and radiation in detail. The magnetic-reconnection-
heating model (Liu et al. 2002a, 2003; Liu, Qiao & Liu 2016) has
been refined and applied to modelling the observed SED of a sam-
ple of AGNs. Our theoretical investigation shows that the model
can produce a variety of broad-band SEDs for objects with vari-
ous black hole masses, accretion rates and magnetic field strengths.
The accretion rate and magnetic field play key roles in determining
the X-ray spectral slope and the relative radiation strength between
the disc and the corona. Specifically, a higher accretion rate leads
to a steeper X-ray spectrum and weaker X-ray emission (relative
to the optical/UV emission), as a consequence of less evaporation;
a stronger magnetic field results in a flatter X-ray spectrum and
stronger X-ray emission as it transports more accretion energy from
the disc to the corona; the black hole mass, however, only shifts the
peak wavelength of the optical/UV emission. The magnetic field
transports accretion energy into the corona, providing a solution to
the problem of energy shortage in corona as a strong X-ray emitter
in AGNs. Meanwhile, this process also helps naturally eliminate
or alleviate the unstable radiation pressure-dominant region in the
central part of accretion discs in AGN.
The model is then applied to fitting the broad-band SEDs of
a sample of 20 local AGNs studied extensively in our previous
work (Cheng et al. 2019), which have simultaneous X-ray and op-
tical/UV observations and well-measured AGN parameters. It is
found that, in general, the overall observed broad-band spectral
shapes can be reasonably reproduced by our disc–corona model,
although in some objects the X-ray spectra are too flat to be ac-
counted for or too noisy to yield meaningful constraint. In the ma-
jority of the sample (15/20), the accretion energy is mostly trans-
ported into the corona ( f > 80 per cent) by the magnetic field, sup-
porting a strong corona coexisting with an irradiation-heated disc.
Meanwhile, the fitting results rule out largely a radiation pressure-
dominant region in the central discs. In only a few bright objects
at quasar luminosities (e.g. Ton 1388 and RX J1355.2+5612), the
fits lead to only about half of the energy released in the corona
( f ∼ 0.5), given their much higher observed optical/UV luminosi-
ties relative to the X-ray ones. The fitted black hole masses are
generally consistent with the virial masses within their mutual un-
certainties for the majority.
We note that our model generally predicts relatively steep 2–
10 keV photon indices, Γ = 2.2–2.5. They appear to be steeper than
the rather flat spectra observed in several sample objects, as well as
in many other Seyferts (Γ < 2.0), though the discrepancy can be
alleviated to some extent by considering some effects (e.g. contri-
bution of a disc-reflection component). Further theoretical investi-
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gation is needed to resolve this issue, which is generally inherent in
models with similar disc–corona geometry as ours.
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